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ABSTRACT

Natural organic matter (NOM) is not only a precursor of disinfection by-products but also the source
of carbon for microbial growth. The effects of the characteristics of NOM on the biological stability of
water are not well defined. NOM comprises a complex mixture of recalcitrant and biologically labile
organic carbon. In this study, the changes in NOM and assimilable organic carbon (AOC) in water
from the source to the customers’ taps were investigated through both conventional and advanced
drinking water treatment processes. Conventional water treatment exhibited a considerable removal
of high molecular weight NOM via coagulation-sedimentation, which resulted in 39% removal of
AOC. Therefore, conventional treatment units are important for biostable drinking water supply.
Rapid sand filtration and ultrafiltration membrane processes showed no significant differences
in terms of the removal of NOM and AOC (p > 0.05). AOC was significantly increased at the con-
sumer tap (150-230 ug L) possibly because of the interaction between aged pipes, biofilms, residual
chlorine, and NOM.

Keywords: Assimilable organic carbon (AOC); Biostability; Natural organic matter (NOM); Tap water

1. Introduction

Access to safe drinking water is the most critical for pub-
lic health [1-3]. Tap water consumption may vary because of
numerous reasons such as housing conditions, age, personal
income, education, and taste [3,4]. Tap water is recom-
mended to drink because it is relatively convenient and safe.
However, only developed countries including Australia,
Japan, Western Europe, and Northern America guaran-
tee the safety of drinking water from the tap, according to
the traveler’s guidance report of United States Centers for
Disease Control and Prevention (CDC) [5].

Moreover, residual chlorine is one of the factors because
of which people avoid drinking tap water because of
disadvantages such as the aesthetically unfavorable taste
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and odor of chlorine. Because many Koreans do not drink
tap water (less than 10%) [6], public water utilities for tap
water quality have been improved by enhancing and reno-
vating water treatment processes. In Korea, the production
of drinking water from advanced water treatment processes
(e.g., granular activated carbon filtration (GAC) and/or
ozone) has been increased by two-fold from 4,895,000 to
10,819,000 m? per day (2007-2017) [7]. Especially, tap water
in Seoul in The Republic of Korea is produced via advanced
water treatment processes since 2015. To reduce customer
complaints, Seoul metropolitan waterworks has reduced
the chlorine dosage to minimize the odor, taste, and disin-
fection by-products (DBPs). However, the lowered residual
chlorine may increase microbial growth in the water at the
point of consumption (i.e., household and building taps).
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Microbial growth during water distribution may impact
tap water quality by causing the occurrence of opportunis-
tic pathogens, increasing invertebrate abundance, causing
pipe corrosion, and deteriorating the color, taste, and odor
[8-12]. To control microbial growth in tap water with less
chlorine, it is necessary to enhance the biological stability
of drinking water. Biological stability is often attained by
controlling nutrients (N and P), carbon sources (assimilable
organic carbon (AOC) and biodegradable dissolved organic
carbon), and biomass formation (adenosine triphosphate,
total cell count (TCC), heterotrophic plate count, and other
health-relevant microorganisms) [1,8,12-15]. According to
Smeets et al. [16], chlorine is necessarily avoided to produce
biologically stable water. They also stated that the choice of
biologically stable groundwater is the best option for safe
water production. However, this is a considerable chal-
lenge for countries that use surface water as their drinking
water sources and introduce chlorine like in old distribution
systems. Moreover, previous studies have evaluated the
biological stability during surface water treatment processes
(Table 1), but meeting the guidance levels of AOC for the
nonchlorinated drinking water system was a challenging
task (e.g., less than 10 ug-AOC L) [17].

Natural organic matter (NOM) is not only a precursor
of DBPs but also a microbial carbon source. However, the
impact of NOM compositions on the biological stability of

Table 1
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water has not been understood. NOM comprises a complex
mixture of recalcitrant and biologically labile organic carbon.
AOC is known as readily biodegradable organic matter in
bulk water and is one of the most critical parameters respon-
sible for bacterial growth and biofilm formation in distribu-
tion systems [8,11,18]. Recently, the removal of high molar or
particulate organic matter in drinking water treatment plant
(DWTP) has gained attention because the removal of mac-
romolecule organic matter reduces the occurrences of bio-
film and the presence of Aeromonas, invertebrates, and other
microbes [12,19]. Notably, several studies have demonstrated
that coagulation, sedimentation, and low-pressure mem-
brane techniques are effective for reducing the macromolecu-
lar biodegradable NOM in untreated water [19-21]. Previous
studies were not performed in the same water treatment
system, but in our study, both conventional and advanced
processes (including membrane filtration) were performed
in one treatment plant.

Maintaining water quality from the treatment plant until
the customers’ taps is also essential for aesthetic and hygienic
requirements for customers. Therefore, understanding the
controlling factors in the main and household plumbing
systems has recently gained attention (Fig. 1). The water
distribution system, which acts as a complex living interface
for microbes, is known to be affected by microorganisms in
bulk water, biofilm formation, suspended particles, loose

The range of total, dissolved, and assimilable organic carbon (TOC, DOC and AOC, respectively) in surface water treatment systems

Source water

Treated water Reference

TOC, mg L™ DOC, mg L AOC, ug L™ TOC, mg L™ DOC, mg L AOC, pg L™ [15,17,36-38]
0.6-4.3* 17-118 Polanska et al. [17]
1.2-20.9 56-395 0.7-7.0 37-75 Vital et al. [15]
2.0* 33-148 0.8-1.1 53-151 Ohkouchi et al. [37]
0.6-1.1* 118-159 n.a. 27 Yang et al. [36]
1.5 63 0.7 36 Choi et al. [38]
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Fig. 1. Factors influencing the biological stability of drinking water from the treatment plant to tap [8,9,11-14,16,18,22-29].
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deposits, hydraulic shear stress, and pipe material [22,23].
At the household level, the biological stability of tap water
can vary because of water consumption, stagnation time, ele-
vated temperatures, residual disinfectants, plumbing mate-
rial, and diameter and length of pipes [11,24-26]. Thus, it is
challenging to maintain water quality from the treatment
plant until the customers’ taps.

However, limited studies have evaluated the change in
biological stability from the treatment plant until the con-
sumers’ taps [24,27,28]. In our study, the fate of NOM and
AOC from the source to the customer’s tap was evaluated.
Moreover, the change in NOM and AOC levels was inves-
tigated through both conventional and advanced drinking
water treatment processes (e.g., coagulation, sedimentation,
rapid sand filtration (RSF), membrane filtration, ozonation,
and GAC filtration).

2. Materials and methods
2.1. Sampling location
2.1.1. Full-scale advanced treatment plant

We monitored a water treatment train in the DWTP ‘A’
over three months. We collected source water (SW) once
every two weeks, as well as effluents from coagulation/sed-
imentation (CS), RSF, ultrafiltration (UF), ozonation (Ozo),
GAQC, and disinfection (Dis) (n = 5).

In this study, the surface water (Seoul, Korea) was
chlorinated (1-2 mg L™, chlorine) and used as a source for
the following water treatment system. The capacity of the
treatment train was 250,000 m® d-'. The conventional water
treatment processes in DWTP ‘A’ involved coagulation, sed-
imentation, and RSF. The advanced water treatment process
included UF, ozonation, and GAC filtration. RSF and UF
were individually performed using the CS treatment effluent
(Fig. 2). Note that the CS processes before RSF and UF were
different; that is, three- and two-stage coagulant addition,
respectively, was performed (coagulant dosage ratio = 3:2).
Polyaluminium chloride was added as the coagulant. A
detailed operational dosage is not available in this study. A
horizontal sedimentation basin (L 59 m x W 16 m x H 4.5 m)
was used to settle and remove flocs. The rate of RSF, which
consisted of two layers including 0.3 m sand and 1.0 m
anthracite, was 194 m® m= d-. The UF process comprised

250,000 m? d-

six trains of pressurized membrane units (0.05 pm pore
size, polyvinylidene fluoride (PVDEF), hollow-fiber type,
1.5 m® m2 d'). Note that treated effluents from both RSF
(200,000 m*® d) and UF (50,000 m*® d!) were blended prior
to ozonation. The ozone dosage was up to 2.0 mg L™, and
the contact time was 20 min. Next, GAC filters were filled
with coal-based activated carbon media, and the empty bed
contact time was 15.6 min. The treated effluents from the
advanced treatment processes were finally disinfected with
chlorine (0.65 mg L™, 1 h contact time), and then, the water
produced was supplied to three districts of Seoul.

2.1.2. Treatment plant to tap

In addition to an effluent sample from each treatment
step, tap water was collected during the sampling campaign.
To investigate changes in NOM and AOC levels in treated
water through the distribution pipes, we first collected
treated water from the storage tanks in the treatment plant,
and then, we collected tap water from the customers’ loca-
tions. The sampling location of the tap water was a type of
office building located in Seoul (37°31'10.4"N 126°52'11.2"E).
The traveling distance of water from the DWTP ‘A’ to the
customer tap was roughly 4 km. All samples were taken to
the laboratory and analyzed within 4 h.

We also collected additional drinking water samples
produced from another treatment plant and tap. During the
sampling campaign for DWTP ‘B’ and ‘C’, samples from the
finished water storage tank were collected and then from
the taps of customers of DWTP ‘B’ and ‘C’ systems. The
treatment schemes of both DWTP ‘B’ and ‘C’ were similar to
that of DWTP ‘A’, except for UF (detailed information is pro-
vided in Table 2). The traveling distances of drinking water
from DWTP ‘B” and ‘C’ to the consumers’ taps were 6 and
10 km, respectively. All tap water samples were chlorinated
via the disinfection process at each DWTP. We quenched
the residual chlorine using a sodium thiosulfate solution
to perform further analysis. Because of limited access to
DWTPs and the building tap, few grab samples from treat-
ment steps to the tap were obtained during the sampling
campaign. Although the detailed chemical and microbial
qualities of the produced drinking water may have differed
between the treatment plants, all water treatment plants in
the present study were supplied with the same SW.

DWTP ‘A’ Tap

SW |P L CS |> RSF |l' Ozo

L 1
25,000 m? d-

pressurized

25,000 m? d-* ,S'

submerged (not monito

)l GAC |> Dis —

4 km distance
Building tap

red in this study) N =5 n=2

Fig. 2. Layout of the sampling location (DWTP ‘A’ and tap). (CS, coagulation/sedimentation; RSF, rapid sand filtration; UF, ultrafiltra-
tion; Ozo, ozonation; GAC, granular activated carbon filtration; Dis, disinfection).
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Table 2
Comparison of drinking water treatment plants ‘A’, ‘B’, and ‘C’

DWTP A B C
Pretreatment <2.0 mg L7, Chlorine <1.5mg L™, Chlorine n.a., Chlorine
Coagulation Polyaluminium chloride Polyaluminium chloride Polyaluminium chloride
Sedimentation 1.3 h, RT, 3h, RT, 3h, RT
Rapid sand filter 0.3 m, sand, 1.0 m, anthracite, 1.2 m, sand, 36 beds, 0.6 m, sand, 0.4 m,

16 beds, 194 m d! 149 m d! gravel, 12 beds, 200 m d™*
Ultrafiltration 0.05 um pore, PVDE, hollow- None None
(DWTP A) fiber, 1.5 m d!
Ozonation <20mgL™! <1.5mgL™" <1.5mgL™?
Granular activated 15.6 min, EBCT n.a. n.a.

carbon filter

Disinfection 0.65 mg L, Chlorine

n.a., Chlorine n.a., Chlorine

n.a.: non applicable; RT: retention time; EBCT: empty bed contact time)

2.2. Natural organic matter characterization

2.2.1. Liquid chromatography—organic carbon
detection (LC-OCD)

The molecular weight (MW) distribution of the dissolved
organic carbon (DOC) was investigated to understand the
relation between NOM composition and AOC. Although
real-time NOM characterization techniques cannot pre-
dict the results of the culture-dependent method (i.e., AOC
assay), it is still important for identifying the relations
between NOM removal and bacterial growth potential.
AOC has been generally regarded as low MW organic mat-
ters (e.g., acetate and oxalate) which are readily utilizable
by conventional inoculum strains such as Spirillum sp. NOX
and Pseudomonas fluorescens P-17. In contrast, recent studies
have revealed that indigenous bacteria and Flavobacterium
utilize high MW NOM such as proteins and polysaccha-
rides [12,20,30]. Thus, understanding the changes in the
MW distribution of NOM per treatment method is required
to provide better performance of water treatment for the
production of biostable water.

MW distribution and sub-fractions of NOM were deter-
mined using liquid chromatography-organic carbon detec-
tor (LC-OCD) (Model 8 system, DOC-Labor, Germany)
equipped with a cation exchange chromatographic column.
DOC concentrations of each sub-fraction were calculated
based on the chromatogram peaks and using the software,
ChromCALC (DOC-Labor, Germany). The sub-fractions
were biopolymers (>20 kDa), humic substances (1-20 kDa),
building blocks (300-500 Da), low MW acids, and neutrals
(<300 Da) [31]. Biopolymers contain proteins and polysaccha-
rides. Building blocks are known as breakdown products of
humic substances. Low MW acids and neutrals were distin-
guished based on the ionic strength.

2.2.2. Excitation emission matrix (EEM)

The three-dimensional (3d) excitation-emission matrix
(EEM) technique was used to characterize the changes in flu-
orescent moieties of NOM during the water treatment pro-
cesses. The arbitrary intensities of four components including

tryptophan- (T1 and T2), fulvic- (A), and humic-like (C) were
recorded using an RF-5301PC fluorescence spectropho-
tometer (Shimadzu, Japan) equipped with a 150 W Xenon
lamp. Before EEM analysis, all samples were filtered with a
0.45 um syringe filter. Each 3 mL filtered sample was poured
into a quartz cuvette, and then, the fluorescence spectra were
obtained. No dilution was needed for water samples in this
study. The emission (em) spectra were read at wavelengths
from 280 to 600 nm with 1 nm intervals. The wavelengths
of excitation sources ranged between 220 and 400 nm with
10 nm intervals. The ex—em wavelengths of the components
were as follows: T1 (ex: 220-240 nm; em: 330-360 nm), T2
(ex: 270-280 nm; em: 330-360 nm), A (ex: 230-260 nm; em:
400-450 nm), and C (ex: 300-340 nm; em: 400-450 nm) [20].

2.3. Assimilable organic carbon
2.3.1. Bioassay

An AOC assay was performed using the indigenous
bacteria in the GAC effluent of the DWTP. A 100 mL aliquot
of the GAC effluent sample was filtered with a 0.1 um pre-
washed filter (Sartorius, Germany) and re-inoculated with
the unfiltered GAC effluent. After 10 d of incubation, the
TCC in the sample reached the stationary phase and served
as the inoculum for the following AOC measurement. Before
performing the bioassay, carbon-free glassware was prepared
in a 550°C muffle furnace to remove all residual organic car-
bon. The pretreated borosilicate glass vial, 50 mL, was used
for the following microbial pasteurization, inoculation, and
incubation. Residual chlorine was quenched with sodium
thiosulfate. For the pasteurization process, water samples
were heated at 70°C for at least 30 min and then cooled to
room temperature. The chilled water samples were filtered
using a 0.1 pm filter (Sartorius) to remove the bacterial cells
and debris. A 20 mL aliquot of each filtrate was used to per-
form inoculation and incubation for the determination of the
AOC. For carbon-limited conditions, the mineral supple-
ment for the AOC assay was prepared based on a previous
study by Wen et al. [26]. The mineral solution, 660 uL, was
added to 20 mL of each prepared filtrate (i.e., pasteurized
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and filtered water samples). Finally, the prepared inoculum
was added to meet the initial cell count (1.0 £ 0.3 x 10* cell) in
the water samples. The inoculated samples were stored and
incubated in a 35°C water bath for 5 d or more. The grown
cells generally entered the stationary phase within 5 d.

2.3.2. Flow cytometry analysis

Flow cytometric cell counts were carried out to obtain
the densities of cells grown in the resultant AOC incubation
samples. SYBR Green I working solution (x100) was pre-
pared by diluting SYBR Green I nucleic acid gel stain con-
centrate (x10,000) (Invitrogen, USA) with filtered dimethyl
sulfoxide. The stored working solution was thawed and
warmed at 35°C in a water bath for 30 min before the use. A
1 mL aliquot of the incubated AOC sample was transferred
into an autoclaved amber microtube (1.5 mL), and 10 pL of
Sybr Green I working solution was added. The microtubes
were incubated at 35°C for 10 min. The stained samples were
diluted with ultrapure water, and then, they were analyzed
using a flow cytometer (488 nm laser light source) (Cube 6,
Partec, Germany). TCC was determined based on the green
fluorescence intensity (520 nm) and electronic gating utiliz-
ing the software, FCS Express 4 (De Novo Software, USA).
The recorded cell count was converted into AOC concen-
trations. The growth yield, 1 x 107 cell ug™ acetate eq., was
adopted from Hammes and Egli [32] (see function 1).

1,000%(TCC, ~TCC,)
Y

AOC(ugL")= 1)

TCC, (cell mL™) is the final cell count in the incubated
samples in which bacteria entered the stationary phase.
TCC, (cell mL™) is the initial cell count in the sample before
incubation. Y is the growth yield based on the bacterial
growth potential equivalent to the assimilated acetate-C
concentration.

2.4. Statistical analysis
2.4.1. Mean comparison

Statistical analysis was performed using PASW statistics
18 software (IBM, USA). Mean comparison and post-hoc test
(Tukey method) were performed to analyze the significant
changes between the water treatment processes. Based on
the analysis of variance (ANOVA), an asterisk (* or **) illus-
trates a significance level of 0.05 or 0.01, respectively, of the
difference between the analyte values in this study.

3. Results and discussions
3.1. NOM characteristics in the water treatment plant

The SW type (e.g., groundwater, lake, and river) and
seasonal impact (e.g., algal bloom, water temperature, rain-
fall, and snow melting) influenced the characteristics of
organic matter in the SW [14,33-38]. Previous studies have
demonstrated that NOM characteristics influence the biolog-
ical stability of treated water [20,30,33]. In this study, DOC
in SW ranged from 1.37 to 2.85 mg L™ (2.12 + 0.57 mg L™).
Biopolymers, humic substances, building blocks, low MW
acids, and neutrals were 0.13 + 0.08, 0.82 + 0.23, 0.35 + 0.04,
0.17 + 0.05, and 0.65 + 0.31 mg L7, respectively (Fig. 3).
Note that the DOC was similar to that of upstream where
we investigated previously (2.25 + 0.40 mg L7, DOC in
prechlorination effluent) [20]. Even though the intake sta-
tion of DWTP ‘A’ was in urban downstream, we did not
observe the dramatic difference in NOM characteristics vs.
Paldang Lake, upstream water protection zone for Seoul
and Gyeonggi-do province [20].

In the DWTP, CS decreased DOC by 18%. Notably, high
MW NOMs (i.e., biopolymers and humic substances) were
effectively removed via CS (p < 0.01) (Fig. 3). Consistent
with the LC-OCD results, EEM analysis showed a signif-
icant decrease in fulvic- and humic-like components (A
and C peak, respectively) between SW and CS (p < 0.01).
However, a discrepancy was observed between biopolymers
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Fig. 3. DOC changes from the treatment plant to tap. Dissolved organic matter fractions determined by LC-OCD (a) and normalized
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and tryptophan-like components; hence, biopolymers were
likely to consist of polysaccharides. Although biopoly-
mers (i.e., polysaccharides and proteins) are less abundant
compared to humic substances, we should carefully mon-
itor the removal of polysaccharides and proteins in terms
of microbial utilization in oligotrophic drinking water [30].
Humic substances are often regarded as naturally stable;
however, chlorination may alter humic substances to form
more biologically utilizable versions in drinking water sys-
tems [39]. In Korea, the prechlorination step in water treat-
ment plants has been widely applied to reduce ammonia,
manganese, algae, and bacterial activity. Therefore, the
humic substances after the prechlorination step, as potential
AOC precursors, had needed to be effectively removed by
CS. In contrast, no changes in building blocks, low MW acids,
and neutrals were found via CS. Small-sized organic matter
cannot be easily removed by coagulation, flocculation, and
sedimentation [31].

RSF and low-pressure membrane filtration have been
suggested to remove particles, turbidity, and some micro-
organisms, and the UF membrane was reported to be less
effective in the removal of NOM [21,40]. However, RSF and
UF did not show significant differences with respect to NOM
removal, according to ANOVA. Only the removal of building
blocks and low MW acids was slightly better via RSF com-
pared with that via UF. In this study, there was no difference
in the removal of NOM between the RSF and the UF systems.

Ozonation has been known to generate small-sized
products such as organic acids, ketones, and aldehydes,
which are utilizable by bacteria [34]. However, no signifi-
cant change in the MW distribution of NOM was observed,
and changes in NOM characteristics via ozone could be due
to factors including ozone contact time, ozone dosage, and
NOM characteristics. Negligible changes in NOM MW via
intermediate-ozonation were consistent with our previous
findings [20]. Meanwhile, 28%-32% of selected EEM com-
ponents were effectively decreased via ozonation. Notably,
NOM was not transformed into a smaller size but changed
into an aliphatic or hydrophilic structure.

NOM adsorption by the GAC filter was responsible for
the removal of biopolymers (33%), building blocks (25%),
and low MW acids (30%). However, it was not effective
for low MW neutrals. All EEM components (i.e., T1, T2, A,
and C) were effectively reduced by 44%-46% after GAC
filtration. The reduced fluorescent NOM molecules possi-
bly contained biopolymers (e.g., protein-like substances),
building blocks, and low MW acids. As shown in Fig. 3,
biopolymers were dramatically increased through the water
distribution network, and no difference was found in EEM
components (Fig. 4), which was probably due to the ali-
phatic structure of polysaccharides.

In summary, LC-OCD results showed that high MW
NOMs, that is, humic substances and biopolymers, were sig-
nificantly decreased via CS. However, it was less effective in
the removal of NOM at the following treatment train, except
for GAC filtration (e.g., building blocks and low MW acids).
EEM results demonstrated that fluorescent moieties of NOM
were gradually decreased by the water treatment train
(namely, CS, Ozo, and GAC), and NOM characteristics were
altered to form hydrophilic or aliphatic structures. Notably,
aliphatic NOMs are commonly known to be relatively biode-
gradable compared with aromatic or double-bonded NOM
structures. Therefore, the removal of hydrophilic organic
portions in drinking water should be further improved to
supply biologically safe water to customers.

3.2. Changes in the AOC concentration in water treatment plants

Controlling AOC levels in SW is also a challenging task
because AOC dramatically changes because of water type,
temperature, rainfall, algal bloom, and other environmen-
tal conditions [8,33,35,38]. In Seoul, brown algae (diatom)
bloom during winter (January-March) is the primary pre-
cursor for AOC formation in perchlorinated water [38], but
note that we conducted the present study during summer
(June-September).

AOC levels in the SW ranged from 148 to 270 (217 + 54)
pg L7 and were higher than that observed Choi et al. [38]
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Fig. 4. Changes in the fluorescence intensities of tryptophan-, fulvic-, and humic-like EEM components (T1, T2, A, and C) (a) and

normalized intensities by source water (b).
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(24-272 pg L), likely due to the differences of bioassay
inoculum (P17+NOX vs. indigenous bacteria) and sampling
date. Interestingly, the AOC was dramatically decreased by
39% (from 217 to 133 pg L) via the CS process. Note that
CS removed relatively high MW NOM sub-fractions (i.e.,
biopolymers and humic substances). Therefore, the removal
of high or intermediate MW organic matter influenced the
removal of AOC, which is known to mainly consist of low
MW or small organic molecules. This explains that the SW
contained various MW ranges of AOC. This result was con-
sistent with the findings from recent studies [12,19-20] that
have highlighted the importance of removal of macromolec-
ular NOM. These findings are related to the improvement
of the AOC bioassay using Flavobacterium and a mixture
of indigenous bacteria from drinking water systems. New
methods have revealed that these inoculums could utilize
proteins, polysaccharides, and other high MW organics.

Although NOM characteristics were not significantly dif-
ferent between the effluents from RSF and UF, the AOC in
the RSF effluent (86 + 50 ug L™) was slightly lower than that
in the UF effluent (106 + 48 pug L™). ‘CS + RSF’ or ‘CS + UF
processes were effective in the attenuation of AOC in the SW
(see post-hoc test in Fig. 5b). Previous studies suggest that
RSF can be biologically active; thus, 9%-87% of AOC was
removed via biofiltration in full-scale water treatment plants
[15,37,38] possibly due to the preoxidation step (e.g., prechlo-
rination or preozonation). Therefore, biological stability can
also be improved by RSF; however, it is not effective during
the winter season [37,38].

Considering the treatment volume of RSF and UF, the
AOC concentration in the feed water for ozonation was
assumed to be 88 pg L™, and we confirmed a 1.2-fold increase
of AOC by ozonation (107 + 50 pug L™). Ozonation has been
reported to generate AOC in comparison with conventional
treatment (3-180% increase), but the AOC levels highly
fluctuated because of seasons and operational conditions
[13,15,37,38]. AOC decreased by 14% via GAC filtration, but
it was not significantly less compared to that in previous
studies (58%-86% removal) [13,15,20]. During the courses
of sampling, water utility periodically backwashed the GAC

filters using chlorinated water. Hence, the use of chlorine
may influence the performance of GAC filters by decreasing
the microbial activity of biomass associated with GAC.

The disinfection process increased AOC content from
92 + 43 to 121 + 16 pg L™ because of the reaction between
residual chlorine and residual NOM. In addition, AOC in the
tap water increased from 121 + 16 to 150 + 23 ug L™ during
distribution. Based on NOM characteristics, this change was
probably related to the increase of biopolymers and low
MW neutrals through the network system (Fig. 3). The inter-
action between residual chlorine, NOM in bulk water, and
biofilm on the pipe surface may induce an increase in AOC.

The comparison between AOC and NOM demonstrates
that AOC removal via conventional treatment was possible
by removing high MW NOM sub-fractions. Although the
multi-barrier water treatment processes were not designed
to supply biostable drinking water, previous studies have
shown the importance of monitoring biological stability
parameters along with NOM composition, seasonal impact,
and operational conditions of medium filters [20,36,37,41].
In our study, AOC in treated water always remained above
100 pug L7 (i.e., guidance level in chlorinated drinking
water system) maybe because of the low MW, hydrophilic,
or aliphatic residual NOM. Hence, further optimization of
the biofiltration and other post-treatment are required to
supply biologically stable drinking water [19].

3.3. Treatment plant to tap; DWTP A, B, and C

We investigated the change in NOM and AOC from the
three different DWTPs. The three DWTPs use the same river
for SW. Changes in DOC in the finished water through the
distribution networks were observed in all tap water samples.
DOC concentrations in the treated water from the treatment
plant and tap water were in the range of 1.05-1.52 and 1.09-
1.72 mg L7, respectively. DOC in tap water was increased
by 4%-53%, but the DOC composition was not similar in
the pretreated water samples (Table 3) maybe because of the
differences in the performance of the three water treatment
plants. All tap water samples contained 25%-130% higher

€)] 300
=
—' 200 -
o
e
Q 100 {
QO
P
0 i
(b) sSW cs UF RSF Ozo GAC Dis Tap
SW 0.115 0.014 0.002 0.015 0.004 0.071 0.502 p <0.01
CcS 0.115 0.981 0.740 0.985 0.851 1.000 1.000 0.01=p <0.05
UF 0.014 0.981 0.997 1.000 1.000 1.000 0.892 0.05sp <0.50
RSF Q.002 0.740 0.897 0.895 1.000 0.844 0.566 050=p <0.75
Qzo 0.015 0.985 1.000 0.995 0.999 1.000 0.905 0.75sp <1.00
GAC 0.004 0.851 1.000 1.000 0.999 0.980 0.682
Dis 0.071 1.000 1.000 0.944 1.000 0.980 0.991
Tap 0.502 1.000 0.892 0.566 0.805 0.682 0.991

Fig. 5. From treatment plant to tap; AOC (a) and heatmap based on the significant differences between the water samples using post-

hoc test (b).
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Table 3

Changes in DOC and AOC levels from the treatment plant to the tap

DWTP A(n=2) B(n=1) Cn=1)

Treated Tap Treated Tap Treated Tap
DOC (mg L) 1.52 1.72 0.73 1.12 1.05 1.09
Biopolymers 0.02 0.06 0.02 0.03 0.01 0.01
Humic substances 0.41 0.43 0.10 0.27 0.30 0.27
Building blocks 0.26 0.29 0.07 0.20 0.23 0.20
Low MW acids 0.13 0.15 0.07 0.11 0.11 0.11
Low MW neutrals 0.70 0.59 0.47 0.51 0.40 0.50
AOC (mg L) 0.12 0.15 0.10 0.23 0.15 0.22
Distance (km) - 4 - 6 - 10

AOC than samples collected from selected DWTPs. InDWTP  Acknowledgment

‘A’ and ‘B’, the increase in various NOM sub-fractions was
responsible for the higher AOC detected (Table 3). In con-
trast, only low MW neutrals likely affected the AOC content
in the DWTP ‘C’ system.

The interaction between residual chlorine, NOM in bulk
water, biofilms, sediments, pipe materials, pipe age, and
other factors may underlie the changes in biological stabil-
ity [11,22]. However, their interactions are likely site-spe-
cific and cause differences in tap water quality (Table 3).
Therefore, understanding the monitoring sites and distribu-
tion systems is essential to manage the biological stability
of tap water.

For tap water management, we should pay more atten-
tion to secure the water quality at the household or building
plumbing levels [24-26,29]. Although AOC, pH, temperature,
and inorganic nutrients play as an important role in deter-
mining the biological instability of tap water [11,13,17,41],
AOC assay is a culture-dependent and time-consuming
method. Thus, it is important to develop tools that can deter-
mine biostability more quickly for water utilities. Despite the
challenges in real-time analysis, the measurement of biolog-
ical stability parameters along with NOM characterization
tools will be informative and should be further investigated
at the point of consumption.

4. Conclusions

The main findings of this study are as follows:

* Relatively high MW NOM (>1 kDa) and AOC levels
were effectively decreased by CS; thus, conventional
treatment units are important for biostable drinking
water supply.

* RSF and UF processes showed no significant differences
in terms of the removal of NOM and AOC (p > 0.05); how-
ever, RSF showed slightly better removal of AOC.

* AOC was significantly increased at the consumer tap
(150230 pg L) possibly because of the interaction
between factors such as aged pipes, biofilms, residual
chlorine, and NOM.

¢ For enhancing the biological stability of tap water, tap
water should be further analyzed considering the point
of consumption.

This research was supported by the Korea Ministry
of Environment “Global Top Project (2016002110002)".
Additional support was provided by the National Research
Foundation of Korea (NRF) grant funded by the Korea gov-
ernment (MSIT) (2019R1A2C1087828).
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